Summary. Thermodynamic data for Zr(IV) have been reviewed in the context of a recent update of the Nagra/PSI thermochemical database, which is primarily used in safety assessment calculations for radioactive waste repositories in Switzerland. In spite of the important role of Zr in nuclear reactor technology and as fission product in radioactive waste, the thermodynamic properties of this element in aqueous solutions are poorly constrained and published data are frequently contradictory. Specifically, hydrolysis constants, which are critical to any geochemical calculation of Zr speciation in aqueous solutions, may vary by several orders of magnitude.
Introduction
Zr is one of the long-lived fission products of concern in Swiss high-level radioactive waste [1] . Due to its slow decay, this radionuclide will persist over millions of years after repository closure. The rate of release from the repository will critically depend on the aqueous concentration imposed by a solubility-limiting phase. Moreover, zirconium is widely used in nuclear reactors as a fuel containment material (zircalloy cladding) and could play an important role in advanced nuclear fuels such as zirconia-based and "cermet" inert matrix fuels [2] . Zr(IV) is considered to be immobile in most low-temperature natural environments. This is confirmed by laboratory experience indicating that Zr oxides and silicates are almost *Author for correspondence (E-mail: enzo.curti@psi.ch).
insoluble in the pH region relevant for environmental systems. Yet, it proved impossible to find in the literature quantitative data supporting these qualitative statements. Usually, the qualification "insoluble" simply means "below the detection limit of the analytical method", which in the case of the methods used to study the aqueous geochemistry of Zr is hardly below 10 −6 M. Whether the solubility limit is 10 −6 or 10 −10 M may be irrelevant for the purposes of a specific laboratory investigation, but is of critical importance for safety assessment analyses of radioactive waste repositories.
The aim of this paper is to discuss published constants, evaluate new experimental data on the solubility of Zr oxides and to derive a consistent set of hydrolysis constants and solubility products in the system Zr-H 2 O. The effect of other ligands on complexation and solubility is discussed elsewhere [3, 4] . Table 1 summarises thermodynamic constants for Zr hydrolysis reactions from two frequently cited sources [5, 6] . The two sets of constants show large discrepancies. For instance, the solubility products of (hydrous) Zr oxides differ by more than 6 orders of magnitude.
Analysis of hydrolysis data

Survey of published data
The solubility data of Bilinski et al. [5] refer to precipitates separated from strongly oversaturated solutions in the pH range 1.5 to 6.5. The experiments involved the detection of colloid precipitation through optical measurements of the solution turbidity (tindallometry). Such precipitates form through condensation of dissolved polymers. The transformation (depolymerisation) into crystalline anhydrous oxide is very slow and may be kinetically hindered. It occurs through the stepwise removal of protons and hydroxo groups from coordinating water molecules [7] . The stable final product is monoclinic zirconia, or baddeleyite as mineral [8] , with stoichiometric formula ZrO 2 .
In contrast to the data of Bilinski et al. [5] , the solubility product specified by Baes and Mesmer [6] refers to crystalline ZrO 2 . Although determined with the help of calorimetric data, this solubility product reproduces equilibrium concentrations measured from undersaturation reasonably well (see the data reported in Fig. 1 except those from [5] ). [6] were used to construct the solubility curves shown in Fig. 1 . The constants of Bilinski et al. [5] are conditional constants obtained in dilute solutions at 20
• C. Fig. 1 . Solubility data of hydrous and anhydrous Zr oxides compared with predictions based on the constants selected by Baes and Mesmer [6] . The data of Bilinski et al. [5] were obtained from strongly oversaturated solutions, while all other data stem from equilibria reached from undersaturation. The data of Pouchon et al. [3] and Adair et al. [11] were not used to derive any of the constants used to construct the solubility curves and are thus independent tests for the validity of the selected dataset. The following SIT interaction coefficients, estimated from tabulated values for tetravalent actinide ions (Tables IX.1 and IX.2 in reference [18] ), have been applied: ε (Zr
The solubility curves depicted in Fig. 1 were computed using the set of constants proposed by Baes and Mesmer [6] ( Table 1 ) and the specific ion interaction theory (SIT) for the extrapolation to the desired ionic strength and medium. Three curves were calculated for ionic strengths and media encompassing the experimental conditions used in the various studies (two constant ionic strength curves for 0.001 M and 1 M NaClO 4 , and a curve from 1 to 15 M NaOH for comparison with the data of Sheka and Pevzner [10] ).
The data of Kovalenko and Bagdasarov [9] deviate about 0.5 log units from the solubility curve calculated with the constants recommended by Baes and Mesmer [6] .
This discrepancy may be related to the short ageing time (24 hours) of the solid used in these dissolution experiments. In contrast, the data of Sheka and Pevzner [10] , who used a precipitate aged for 45 days at 30-40
• C, are in excellent agreement with the calculated solubility curve, in spite of the large ionic strength corrections needed in such highly alkaline solutions. Such agreement is expected, considering that log β 0 5 was derived from these data, but also indicates that our medium correction is equivalent to that applied by Baes and Mesmer [6] . Sheka and Pevzner [10] state explicitly (without further clarification) that they took precautions against CO 2 contamination. This excludes in principle contributions by Zr carbonate complexes in their solubility measurements. Even if some CO 2 contamination occurred, the very high hydroxide concentrations in their experiments (above 1 M) should have prevented any carbonate complex to become predominant over Zr(OH) 5 − . The data reported in Fig. 1 from Adair et al. [11] refer to experiments carried out from undersaturation with pure monoclinic zirconia at low and high pH. In spite of their poor reproducibility, these measurements are roughly consistent with the solubility curve predicted using the constants selected by Baes and Mesmer [6] .
Integration of new solubility data for crystalline
ZrO 2 The results of recent dissolution experiments carried out in our laboratory with pure monoclinic and yttrium-doped cubic zirconia [3, 12] will be also considered. The aim of these experiments was to determine solubilities of zirconiabased inert matrix fuel (IMF) in a realistic repository environment. IMF is proposed as an alternative form of nuclear fuel for operating light water reactors in order to efficiently burn excess Pu stockpiles [1, 13] . The experiments were carried out at pH 9 in solutions with different carbonate concentrations (deionised water, 5 × 10 −3 , 5× 10 −2 and 5 × 10 −1 M NaHCO 3 ). A total carbonate concentration of 2 × 10 −5 M was estimated for the experiments carried out in deionised water, assuming equilibrium with atmospheric carbon dioxide. Two different solids were used: (a) Y-stabilised cubic zirconia, produced in-house through a coprecipitation technique; (b) reactorgrade, Hf-free monoclinic zirconia (Cerac). Both phases were sintered at about 2000 K for the purposes of the original work. Aliquots of crushed zirconia powder (2 g each) were introduced in dialysis bags and immersed in bot- These experiments were performed in the presence of carbonate, since the original purpose of the investigation was to elucidate the effect of carbonate complexes on the solubility of ZrO 2 [3] . Nevertheless, inspection of Table 2 shows that the data obtained in deionised water and in 0.005 M NaHCO 3 are not affected by the presence of carbonate in the system and are thus suitable to evaluate hydrolysis constants (see also Fig. 1 in [3] ). The two measurements after 250 days reaction time (highlighted in bold in Table 2 ) were considered to represent the equilibrium solubility of monoclinic zirconia and are plotted in Fig. 1 along with the other published data.
These new data, which stem directly from the investigations described in [3] and [12] , are particularly important, since they are the only solubility measurements on zirconia carried out in a pH region relevant for environmental studies. The hydrolysis data proposed by Baes and Mesmer [6] predict very low solubilities for monoclinic zirconia at intermediate pH, but no experimental confirmation for this prediction was available up to date. Our measurements after 250 days reaction time agree very well with Baes and Mesmer's solubility model, which relies on a combination of calorimetric data and formation constants determined either at very high (> 13) or at very low pH (< 3).
A detailed inspection of the data reveals interesting aspects related to the kinetics of the dissolution reaction. Table 2 (see also Fig. 2) indicates almost identical final Zr concentrations in the solutions equilibrated with both the metastable cubic form and the stable monoclinic form of zirconia. Moreover, in all four data sets the highest Zr concentration was measured at 42-43 days, implying a maximum between 10 and 250 days followed by a significant decrease in concentration at later reaction times. This effect probably indicates complex rearrangements at the solid/water interface. It is not possible to deduce the exact nature of these processes from the available data, but we cannot exclude that they are related to the sintering procedure. Sintering may generate soluble amorphous surface layers, in which case the initial rise and later decrease in Zr concentration would imply reordering of the surface structure to a stable crystalline form. 
Data selection
A striking feature of the data plotted in Fig. 1 is that, as far as equilibrium is approached from undersaturation, crystalline and fresh precipitates yield similar solubilities. In contrast, approaching equilibrium from oversaturated solutions, as done by Bilinski et al. [5] , leads to much higher Zr concentrations. This is due to the formation of polymers and colloidal suspensions typical of acidic Zr solutions. As pointed out by Solovkin and Tsvetkova [14] , depolymerisation in acidic Zr solutions is strongly hindered and thus exceedingly slow. Such Zr solutions thus equilibrate very slowly upon base addition and can persist for long times. Since equilibration times of only 24 hours were involved in the experiments of Bilinski et al. [5] there is little doubt that their data do not represent equilibrium between solid and aqueous phase.
Based on the evidence discussed above, and considering that Zr equilibrium concentrations in environmental systems will be approached from undersaturation, the constants of Bilinski et al. [5] should not be used in geochemical calcu-lations, as they represent a metastable state obtained under particular laboratory conditions.
We also reject the hydrolysis constants given in the review of Aja et al. [15] , according to which the solubility of monoclinic ZrO 2 would attain the millimolar range in the neutral pH region (see Fig. 7 in [15] ). Such predictions trace back to a largely overestimated solubility product for monoclinic zirconia, which is based on a non-referenced standard Gibbs free energy of −18.1 kJ mol −1 (log 10 K 0 s,4 = 3.1) for the reaction Zr(OH) 4 (aq) = ZrO 2 (cr) + 2H 2 O (see Eq. (15) in [15] ).
A closer look to the numbers given by Aja et al. [15] also reveals an erroneous formation constant for Zr(OH) 4 (aq), which probably arises from a mistake in the manipulation of the original data. In their Table 1 , Aja et al. [15] list log 10 β 4 = 52.0 for this complex in 1.0 m NaClO 4 and refer this constant to Bilinski et al. [5] . The latter authors give for the specified medium the following conditional constants (see Table 2 A linear combination of the above equilibria yields the required formation constant: log 10 β 4 = log 10 K s,4 − log 10 * K s,4 −4 log 10 K w = 47.6. The value of 52.0 given by Aja et al. [15] differs from our result by exactly 4.4, suggesting that these authors omitted the log 10 K s,4 term in the preceding calculation. This omission leads to the relative predominance of the Zr-tetrahydroxo complex over the other hydroxo species in the speciation diagram given in [15] .
Although based on a few investigations carried out under extreme pH conditions and on rough estimation procedures, the constants proposed Baes and Mesmer [6] seem to be appropriate as they yield predictions in good agreement with all available solubility data obtained from undersaturation. The new data of Pouchon et al. [3] are an independent consistency check, since they were not used to derive the constants used for the calculation of the solubility curve.
Note that the three hydroxo complexes Zr(OH) 3+ , Zr(OH) 4 (aq) and Zr(OH) 5 − are sufficient to reproduce all the selected solubility data. We decided to exclude the constants for the polymeric species Zr 3 (OH) 4 8+ and Zr 4 (OH) 8
8+
from the updated database of our organisation [4] , because these data are not well assessed and polymerisation of Zr species does not play a role in environmentally relevant aqueous solutions. Note also that there is no experimental confirmation for log β 0 4 = −9.7, since no adequate solubility data in the pH range between 3 and 9 are available.
As solubility-limiting solid we selected the monoclinic form of crystalline Zr oxide, which is demonstrably the stable form in low temperature aqueous systems [8] , to which we associated the solubility product given by Baes and Mesmer [6] .
Conclusions
Dissolution experiments carried out with Zr oxides of various crystallinity and degree of hydration yield results consistent with the hydrolysis and solubility constants selected by Baes and Mesmer [6] . Recent experiments provide the first independent confirmation for the very low Zr concentrations predicted by this solubility model at environmentally relevant pH values (pH = 9). High-pH data indicate predominance of the pentahydroxo complex in the alkaline region, but this needs to be confirmed by new experiments conducted under strict CO 2 exclusion.
Since solubility data for Zr oxides of widely different structure, crystallinity and water content fit a single solubility/speciation model, it is suggested that the same surface structure forms for all the different solids upon reaction with water. Similar phenomena have already been observed for tetravalent actinides. For instance, the solubilities of amorphous and crystalline forms of Th and U(IV) oxides become indistinguishable above pH ∼ 5-6 [17] .
